Endothelial cells (ECs) respond to changes in mechanical forces, leading to the modulation of signaling networks and cell function; an example is the inhibition of EC proliferation by steady laminar flow. MicroRNAs (miRs) are short noncoding 20-22 nucleotide RNAs that negatively regulate the expression of target genes at the posttranscriptional level. This study demonstrates that miRs are involved in the flow regulation of gene expression in ECs. With the use of microRNA chip array, we found that laminar shear stress (12 dyn/cm 2 , 12 h) regulated the EC expression of many miRs, including miR-19a. We further showed that stable transfection of miR-19a significantly decreased the expression of a reporter gene controlled by a conserved 3′-untranslated region of the cyclinD1 gene and also the protein level of cyclin D1, leading to an arrest of cell cycle at G1/S transition. Laminar flow suppressed cyclin D1 protein level, and this suppressive effect was diminished when the endogenous miR-19a was inhibited. In conclusion, we demonstrated that miR-19a plays an important role in the flow regulation of cyclin D1 expression. These results revealed a mechanism by which mechanical forces modulate endothelial gene expression. 
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cell cycle | endothelium | flow | gene expression | noncoding RNA B eing constantly exposed to hemodynamic forces, vascular endothelium plays an important role in sensing the alterations in biological, chemical, and physical properties in the flowing blood to maintain physiological homeostasis. Shear stress, the frictional force created by blood flow, exerts a variety of effects on endothelial structure and function. In endothelial cells (ECs), steady laminar flow results in reorganization of cytoskeleton, modulation of molecular signaling, and inhibition of cell proliferation and apoptosis (1, 2) . In particular, laminar shear stress tends to maintain ECs in a quiescent and less proliferative state. Such a growth-arresting action of shear stress might contribute to the athero-protective property in the straight portions of the arterial tree (3).
The molecular mechanisms by which ECs respond to changes in mechanical properties of blood flow and undergo structural and functional adaptations remain to be elucidated. Emerging evidence supports the concept that shear stress exerts its physiological effects by modulating the gene expression in ECs. For instance, steady shear stress can regulate the expression of a number of growth-controlling molecules such as p21 and GADD45 (4) . The transcriptional regulation of the flow-responsive genes has been extensively investigated. Many transcription factors have been found to mediate the flow-induced cell cycle arrest in ECs, including p53 (4), Krüppel-like factor-2 (5, 6) and STAT3 (7) . However, the effects of shear stress on the posttranscriptional control of gene expression are largely unknown.
MicroRNAs (miRs) are a family of highly conserved, small noncoding RNAs that posttranscriptionally repress gene expression via degradation or translational inhibition of their target mRNAs. There is mounting evidence suggesting that miRs are involved in nearly all physiological and pathological processes (8, 9) . Recent studies have demonstrated that miRs play critical roles in vascular development and homeostasis (10, 11) . The present study was conducted to examine the effects of shear stress on miR expression and, if any, their functional roles in mechanotransduction in ECs.
Results

Differential Expression of miRs in ECs in Response to Laminar Shear
Stress. Using the miR microarray approach, we compared the miR expression profiles in human umbilical vein endothelial cells (HUVECs) following 12 h of laminar shear stress at 12 dyn/cm 2 with those cultured under static condition. Among 569 individual miRs represented on the microarrays, 35 miRs were found to be significantly up-regulated and 26 were significantly down-regulated in the laminar flow-treated HUVECs in comparison with the static control cells (Fig. 1A and Table S1 ). Among the miRs that were regulated in HUVECs in response to laminar shear stress, miR-19a was expressed at a high abundance under static condition and its level was greatly increased after 12 h of shear stress exposure. To examine the temporal dynamics of miR-19a expression, HUVECs were exposed to laminar shear stress for various time periods. As detected by quantitative real-time PCR (qRT-PCR), miR-19a was significantly increased as early as 6 h after shear treatment, indicating that miR-19a was an early responsive gene for shear stress in ECs (Fig. 1B) .
Cyclin D1 Is a Target of miR-19a in ECs. The base-pairing of miRs with the 3′-UTR of target mRNAs leads to translational repression and degradation of mRNA. The 5′-sequences of miRs, particularly those at nucleotide positions 2-7 relative to their 5′-end, are important for binding to the mRNA target and are known as "seed" sequences. Sequence alignment of human miR-19a with 3′-UTR of the human cyclin D1 gene (CCND1) identified a miR-19a binding site (nucleotides 1,778-1,785 in human CCND1) that is well conserved among different species ( Fig. 2A) . To screen the targets regulated by the miR-mediated RNA silencing pathway, we generated the EC lines (EA.hy.926) stably overexpressing miR-19a (Fig. 2B) . A significantly increased expression of miR-19a in the transfected cells was confirmed by qRT-PCR (Fig. 2C ). This level was about 8-fold higher than that in flow-stimulated ECs. Western blot analysis revealed that the protein level of cyclin D1, but not p21 or p27, Author contributions: X.Q., Y.-S.J.L., S.C., and N.W. designed research; X.Q., X.W., Y.W., Z.T., Q.C., and J.X. performed research; X.Q., X.W., Y.W., Z.T., Q.C., and J.X. analyzed data; and X.Q., J.-S.J.L., S.C., and N.W. wrote the paper.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0914882107/DCSupplemental. was markedly reduced in the cells overexpressing miR-19a compared with the cell lines transfected with control vector (Fig.  3A) . qRT-PCR analysis was conducted to determine the mechanism by which miR-19a inhibited cyclin D1 abundance. No significant difference in cyclin D1 mRNA levels was observed between the EA.hy.926 cells with stable miR-19a expression and the control cells (Fig. 3B ), indicating that miR-19a regulates cyclin D1 gene expression at the posttranscriptional rather than the transcriptional level. To further examine whether miR-19a direct targets CCND1, the luciferase reporter containing the CCND1 3′-UTR fragment with the miR-19a binding site (3′-UTR-CCND1-miR-19a) was transfected into EA.hy.926 cells overexpressing miR-19a (RF-miR-19a) or control cell line. Luciferase assays showed that the cyclin D1 reporter, but not the MIR-REPORT control, was suppressed in RF-miR-19a. There was no suppression for either reporter in the control cell line (Fig. 3C ). Taken together, these results suggested that miR-19a repressed cyclin D1 through a specific 3′-UTR binding site.
miR-19a
Attenuates G1/S Transition of Cell Cycle in ECs. Cyclin D1 is an important regulator of G1 to S phase progression in many cell types. It forms active complexes with cyclin-dependent kinase 4 and 6 (CDK4 and CDK6) to promote cell cycle progression by phosphorylating and inactivating the retinoblastoma protein (Rb) (12) . To examine the function of miR-19a in EC proliferation, cell lines overexpressing miR-19a were synchronized by serum starvation (0.1% FBS) for 24 h, and then stimulated with 10% FBS for 18 h. Cell cycle analysis showed that the miR19a-overexpressing cells had a lower proportion of cells in S phase and a higher proportion in G0/G1 phase, as compared with control cells (Fig. 4) . These results demonstrated that the overexpression of miR-19a inhibited the proliferation of ECs to control cell cycle progression. In combination with the results shown in Fig. 3 , our findings indicate that miR-19a might inhibit EC proliferation by negatively regulating cyclin D1.
Blockade of miR-19a Attenuates Suppressive Effects of Laminar Flow
on Cyclin D1 Expression in ECs. To examine the effect of laminar flow on cyclinD1 gene expression, we applied a laminar shear stress at a physiological level of 12 dyn/cm 2 to confluent HUVECs for 12 and 24 h and compared with static control. The protein level of cyclinD1 was determined following shear stress by Western blotting. As shown in Fig. 5A , laminar flow at 12 dyn/ qRT-PCR shows that miR-19a was induced in ECs after being exposed to laminar shear stress for various time durations. U6 snRNA level was used for normalization. Data are presented as the mean ± SEM (n = 3). *P < 0.05 compared with static control). (Fig. 5B) . Next, we asked whether endogenous miR-19a was required for the shear-induced EC growth arrest by using miR19a inhibitor. Although the introduction of miR-19a inhibitor was not able to totally abrogate the shear-induced growth arrest of ECs, it did result in a decrease in the proportion of EC entering proliferating cycle (Fig. 5C ). In the presence of antimiR-19a, the suppressive effect of shear stress on S and G2/M progression was reduced to 72.3% and 58.76% respectively. (Fig.  5D ). These results suggested that the laminar flow-induced miR-
Discussion
The present study demonstrated that expressions of miRs in ECs are regulated by laminar shear stress. Specifically, we have shown that miR-19a is an early responsive gene that mediates the antiproliferative effect of laminar shear stress by directly targeting cyclin D1, a key regulator of cell cycle progression.
Endothelial cells are subjected to the shear stress resulting from blood flow and are able to sense and convert mechanical stimuli into intracellular signals, leading to rapid adaptations in their cellular functions and structures. In the straight parts of the arterial tree, the laminar shear stress suppresses EC turnover and the maintenance of junction integrity keeps lipoprotein permeability at low levels. In contrast, vascular areas with flow disturbances, such as those located near branch points and bifurcations, often have increased EC turnover and accumulation of lipoproteins (1) . Such in vivo observations have been confirmed by the studies of the direct effects of defined mechanical forces applied to EC monolayers in culture (13, 14) . It is known that ECs undergo rapid and differential responses to shear stress depending on the flow magnitudes and directions. Recently, cDNA microarray studies from several groups have led to the general conclusion that hundreds of genes are regulated by laminar shear stress and that more genes are suppressed than induced under a sustained flow (24 h), including those with products involved in proliferation, inflammation, and oxidative stress. The miR-mediated gene silencing mechanism described in the present study adds to our knowledge as to how mechanical forces fine-tune the endothelial gene expression at the posttranscriptional level. Besides the previously identified flowdependent transcriptional regulations, this miR machinery may Fig. 4 . Overexpression of miR-19a arrests cell cycle at the G1 phase in ECs. Flow-cytometric analysis indicated that the population of cells in G0/G1 phase was increased and that in S phase decreased in miR-19a-transfected cells. Data are presented as mean ± SEM of three repeated experiments. *P < 0.05 compared with control cells. particularly explain how ECs can restrict the expression of preexisting transcripts to adapt to alterations of flow.
A major finding in this study is that, among the many shearregulated miRs, miR-19 directly targets cyclin D1 expression. This was validated by the reporter assay and Western blotting analysis. Importantly, we found that the shear induction of miR-19a was necessary for the suppression of the cyclin D1 protein level in ECs by laminar shear stress. This result provides a potential explanation for the previous observation that laminar shear stress increased the cyclin D1 transcript but caused arrest of cell cycle progression (15) . As an endogenous gene in the genome, miR-19a is a member of miR-17-92 cluster of seven miRs (miR-17-5p, miR-17-3p, miR-18, miR-19a, miR-20, miR-19b-1, and miR-92-1) . The genomic region encoding the miR-17-92 miR cluster is often amplified in lymphoma and other cancers (16, 17) . Of these clustered miRs, the levels of the miR-17-5p/miR-20a are inversely correlated with cyclin D1 abundance in human breast tumors and cell lines, whereas miR-17/20 suppressed breast cancer cell proliferation by negatively regulating cyclin D1 translation via a conserved 3′ UTR-binding site (18) . Intriguingly, miR-19 was also previously predicted to target phosphatase and tensin homolog deleted on chromosome 10 (PTEN) by a high-throughput approach performed in HeLa cells (19) . It was reported that miR19a inhibition led to growth arrest and survival in cancer cells (20, 21) . These reported data indicate that miR19a may function as either a progrowth and prosurvival gene in cancer cells or an antigrowth gene in ECs. It is likely that the same miR performs context-specific functions, depending on the types of stimulation and tissues. Given that the gain-of-function data were obtained by using the EC stable lines other than primary cultured ECs, it is possible that the selection process of stable cells may also modify the cell characteristics. To address this concern, we used a loss-offunction approach to specifically inhibit the function of miR-19a in HUVEC with the miR-19a antagomir. The results from these experiments indicated that miR-19a contributes to the cyclin D suppression in HUVECs.
Blocking endogenous miR-19a abrogated the cyclin D1 suppression and partially reversed the cell cycle arrest by laminar shear stress in ECs. However, anti-miR-19a had little effect on the cell cycle progression under static conditions. These results suggest that the induced miR-19a may play a more important role in a flow-mediated context. Although miR-19a induction plays a critical role in the shear regulation of cyclin D1, the overall suppression of endothelial proliferation may require multiple miRs to act in a coordinated manner. The notion is in accordance with the finding that 24 h of pulsatile shear stress induced miR-23b, which mediates the dephosphorylation of Rb protein by flow (22) . The shear-induced miR-19a and miR-23b may have distinct yet interrelated functions because cyclin D1 and Rb are known to orchestrate cell cycle progression. Cyclin D1 forms a complex with and functions as a regulatory subunit of cyclin-dependent kinases (CDK) 4 or 6. The activity of cyclin D/ CDK4/6 complex is required for G1/S transition (23) . The flowinduced miR-19a targets cyclin D1 to negatively regulate the cell cycle. Rb is switched between the hypophosphorylated (growthsuppressive) and phosphorylated (inactive) states (24) . The flowinduced miR-23b keeps Rb hypophosphorylated and also functions to block the G1/S transition. Because complexes of cyclins/ CDKs can phosphorylate Rb and inhibit its activity (25) , it is plausible that the miR-19a-induced decrease in cyclin D1 may facilitate the effect of miR-23b on Rb activity. Interestingly, we found that miR-23b was only minimally increased at 12 h after the exposure to steady shear stress (Table S1 ), whereas miR-19a was up-regulated in the ECs as an early response at 12 h but not after 24 h of shear treatment. Such temporal-specific regulations of the miR lead to our postulation that the rapidly induced miR19a brakes the G1/S progression via preventing the translation of the preexisting cyclin D1 transcripts; this growth-braking effect is reinforced by miR-23b, which inhibits the phosphorylation of Rb protein and restrains E2F transcription factors in their inactive form, thus leading to the continued transcriptional repression of multiple growth-promoting genes. In addition, by using bioinformatics tools, we have predicted that many of the shearregulated miRs potentially target the genes involved in cell proliferation, survival, and inflammation. The biological functions of these miRs in mechanotransduction, individually or in combination, remain to be further examined.
In summary, we demonstrated that laminar shear stress modulates miR expression and that miR-19a plays an important role in the flow regulation of cyclin D1 expression and endothelial proliferation. These results revealed a mechanism by which mechanical forces modulate gene and protein expressions and cell proliferation in endothelial cells.
Materials and Methods
Cell Culture. HUVECs were cultured as previously described (26) . For all experiments, HUVECs within passage 3 were used. EA.hy.926 cells, an endothelial cell line, were grown in high-glucose DMEM (Invitrogen) supplemented with 10% FBS and penicillin-streptomycin at 37°C in a humidified atmosphere of 5% CO 2 .
Flow Experiments. Flow experiments were performed as previously described (27) . A parallel-plate flow system was used to impose a laminar shear stress of 12 dyn/cm 2 by perfusing the culture media over a confluent monolayer of ECs seeded on a glass slide on the bottom of the flow chamber. The flow system was kept at 37°C and ventilated with 95% humidified air containing 5% CO 2 .
Microarray for miRs. Confluent HUVECs were exposed to laminar shear stress or static control for 12 h. RNA samples were isolated, size fractioned, and labeled with Cy3 or Cy5. Paired labeled samples were hybridized to dualchannel microarray using the μParaflo microfluidics chips (miR human 10.0 miR array chips; LC Sciences), which were based on Sanger miRBase release 10.0. Raw data were normalized by the LOWESS method on the background-subtracted data. A Student t test was performed to analyze the statistical significance of the signal differences between the two groups.
qRT-PCR. qRT-PCR was performed to detect miR expression using the TaqMan miR assay kits (Applied Biosystems) according to the manufacturer's protocol. Levels of miRs were normalized using rRNA U6 as a reference. Dicer mRNA expression were examined using specific primers (forward: 5′-GTACGAC-TACCACAAGTACTTC; reverse: 5′-ATAGTACACCTGCCAGACTGT). The mRNA level was normalized by housekeeping gene GADPH.
Western Blotting. Western blotting was performed as previously described (28) using primary antibodies against cyclinD1, p21, p27, or histone (Santa Cruz) and an HRP-conjugated secondary antibody, followed by enhanced chemiluminescence detection.
Flow Cytometry. Adherent cells were harvested, fixed, and stained with propidium iodide (50 μg/mL with RNase A for 30 min). Cell cycle distribution was analyzed with a FACScan (Becton-Dickinson).
Generation of Stable Cell Lines Expressing Primary miR. Primary miR-19a
including ≈100 bp of upstream and downstream flanking regions of its precursor was PCR-amplified from the human genomic DNA and subcloned into the pEF1-rPuro-RF vector to make the pEF1-RF-miR-19a-expressing plasmid. To generate miR-19a-expressing stable cell lines, EA.hy.926 cells were transfected with pEF1-RF-miR-19a or control plasmid pEF-RF that expresses only the red fluorescence protein. Cells were grown in the presence of 2.5μg/mL puromycin to select the stably transfected clones. Single clones were selected to generate monoclonal cell lines.
miR-Reporter and Luciferase Assays. To generate reporter vectors bearing miR-19a binding site, sense, and antisense strands of the oligonucleotides of the CCND1-3′-UTR containing the miR-19a-binding site were synthesized, annealed, and subcloned into pMIR-REPORT vector (Ambion). The CCND1-3′-UTR-miR19a or control plasmid was transfected into the EC stable lines using Lipofectamine 2000 (Invitrogen). pRSV-β-Gal was cotransfected for normalization of transfection efficiency. Luciferase and β-galactosidase activities were measured as described previously (28) .
Inhibitor of miR. The miR-19a inhibitor, anti-miR-19a, and anti-miR negative control oligonucleotide were obtained from Ambion and transfected into HUVECs at a final concentration of 40 nM using Lipofectamine 2000. After 48 h, the cells were exposed to the laminar shear stress or kept under static conditions.
